Plants exhibit an ultimate case of the intracellular motility involving rapid organelle trafficking and continuous streaming of the endoplasmic reticulum (ER). Although it was long assumed that the ER dynamics is actomyosin-driven, the responsible myosins were not identified, and the ER streaming was not characterized quantitatively. Here we developed software to generate a detailed velocity distribution map for the GFP-labeled ER. This map revealed that the ER in the most peripheral plane was relatively static, whereas the ER in the inner plane was rapidly streaming with the velocities of up to ~3.5 µm/sec. Similar patterns were observed when the cytosolic GFP was used to evaluate the cytoplasmic streaming. Using gene knockouts, we demonstrate that the ER dynamics is driven primarily by the ER-associated myosin XI-K, a member of a plant-specific myosin class XI.
functions in the rapid movement of organelles (14) (15) (16) (17) (18) . Among these, myosin XI-K was found to play the most prominent role in the movement of Golgi bodies, peroxisomes, and mitochondria. It was also concluded that none of these three organelles fits the paradigm of cytoplasmic streaming raising the question of what drives this conspicuous process (14, 15) .
The endoplasmic reticulum (ER), an organelle present in all eukaryotic cells, harbors the largest reservoir of cellular membranes. Cytoskeleton-dependent remodeling of the ER network, which consists of cisternae and interconnected membrane tubes is well known in both animals and plants (reviewed in (19) (20) (21) (22) ). In addition, dynamic streaming of the plant ER has been observed in sub-peripheral cytoplasm and transvacuolar strands (23) (24) (25) . However, molecular mechanism underlying the ER streaming is not known, although it was reported that the 175 kDa myosin XI was localized on the ER of tobacco cell culture BY-2 (26) .
Unlike the movement of the particulate organelles, quantitative analysis of the ER streaming was long hampered by the inherent difficulty of ER tracking. Here, we measured the ER streaming using newly developed software, and identified an Arabidopsis myosin XI-K as the primary contributor to ER streaming. We have also implicated class XI myosins into the organization of the AF bundles and advanced a model according to which rapid, myosin-dependent ER motility along the thick AF bundles is a driver of cytoplasmic streaming.
Results and Discussion
Quantitative Analyses of the ER Movement and Cytoplasmic Streaming. We used the epidermal cells of cotyledonary petioles of the transgenic Arabidopsis expressing ER-localized GFP (GFP-h) as a convenient model to follow the ER dynamics. In these cells, we observed a relatively static peripheral ER network and the rapidly moving thick strands with high GFP fluorescent intensities, which we designated as ER strands (Fig. 1A , and Movies S1 and S2). The ER strands streamed mostly along the longitudinal axis of the cell (Movies S1 and S2).
To comprehensively analyze the ER movement, we developed a software, KbiFlow plugin package for ImageJ software, based on the optical flow analysis.
KbiFlow generates a velocity map by calculating the average velocity of 16 x 16 pixels (2.54 µm x 2.54 µm) in 100 time-lapse images for ~5.4 sec (Fig. S1 ) and makes it possible to estimate not only the velocity and the direction, but also the distribution of the streaming in a wide field. The velocity maps showed that the ER is composed of several regions that move in distinct orientations and with variable velocities within a focal plane (Fig. S2) . The velocity maps highlighted the rapidly moving thick ER strands.
For each analyzed cell, we selected two ~1-µm-thick optical planes at ~1.5 µm distance, a peripheral plane and an interior plane, and calculated maximum and average ER velocities in each plane. Statistical analysis of 16 cells showed that the maximal ER velocities were 1.35 µm/sec for the cell periphery and 2.20 µm/sec for the cell interior (P < 0.005 by Mann-Whitney test), whereas the average velocities were 0.33 µm/sec and 0.48 µm/sec for the cell periphery and interior, respectively (P < 0.05 by Mann-Whitney test) ( Fig. S2E and Table S1 ). This analysis showed that the ER in the peripheral plane was relatively static (Movie S1), whereas the ER in the inner plane was rapidly streaming (Movie S2).
To obtain an insight into the dynamics of cytosol per se, we used transgenic expression of a cytosolic form of GFP reporter. Interestingly, the streaming pattern of cytosolic GFP was similar to that of the ER-localized GFP (compare Movies S2 and S3, and Figs. S2 and S3). More specifically, the velocity map of cytosolic GFP also showed substantial degree of local variation ( Fig. S3 C and D) . By the KbiFlow analysis of 22 cells, maximal velocities for a peripheral and an interior planes were 1.23 and 1.99 µm/sec (P < 0.0005 by Mann-Whitney test), and average velocities were 0.37 and 0.49 µm/sec (P < 0.005 by Mann-Whitney test), respectively (Table S1 ). These velocities were comparable to those of ER streaming in each focal plane (Table S1 ). Although the brightness of cytosolic GFP is a subject for multiple processes such as local expression level, cytosol stirring, and mere thermal diffusion, so far, cytosolic GFP provides the best approximation for a measure of cytoplasmic streaming. Therefore, these data suggest a correlation and a causative relationship between the streaming of ER and cytosol.
Myosin XI-K Is the Primary Contributor to ER Streaming. The ER dynamics was dose-dependently inhibited by the treatments with either latrunculin B (Lat B), an inhibitor of actin polymerization, or 2,3-butanedione monoxime (BDM), an inhibitor of myosin activity ( Fig. S4 and Movies S4 and S5). Another inhibitor of actin polymerization, cytochalasin B, was also reported to inhibit the ER movement in onion epidermal cells (24) . Taken together, these results suggested that the ER streaming requires both the active myosin motors and the intact actin cytoskeleton.
To identify the myosins responsible for ER streaming, we analyzed gene knockout mutants in which three class XI myosins, XI-K, MYA1/XI-1, and MYA2/XI-2, that are ubiquitously expressed throughout the plants (http://atted.jp) (27, 28) were inactivated (Fig. S5 ).
Among the eight tested independent insertion mutant alleles (mya1-1, mya1-2, mya2-1, mya2-2, xik-1, xik-2, xik-3 and xik-4; Fig. S5A ), ER streaming was dramatically suppressed only in those targeting myosin XI-K gene (Movie S6 for xik-2). The velocity maps of the ER streaming in xik-1 and xik-2 mutants showed obvious reductions in the number of bright arrows that represent high velocity streaming (Figs. 1 H and I) compared to that in the GFP-h map (Fig. 1G) . The maximal and average ER velocities in each of the xik-1 and xik-2 mutants were only ~35% and ~50%, respectively, of those in GFP-h ( Fig. 1M and Table S1 ).
We further obtained a series of five homozygous double and triple knockout mutants of the myosins XI-K, MYA1/XI-1, and MYA2/XI-2: mya1 mya2 (mya1-1 mya2-2), xik mya1 (xik-2 mya1-1), xik mya2 (xik-2 mya2-2), and xik mya1 mya2 (xik-2 mya1-1 mya2-2 and xik-1 mya1-2 mya2-1). Among these mutants, the two triple mutants showed the strongest suppression of ER streaming ( Fig. 1 and Movie S7). The average ER velocities in the triple mutants were ~30% of that in GFP-h, whereas the corresponding maximal velocities were reduced to less than ~20% ( Fig.   1M and Table S1 ). On the other hand, ER streaming was slightly suppressed in the mya1 mya2 double gene knockout, but not in the mya1 or mya2 single gene knockout mutants (Fig. 1M and Fig. S6 ). These results indicate that the myosin XI-K is the primary contributor to ER streaming, whereas the contributions of the myosins MYA1/XI-1 and MYA2/XI-2 are more limited.
In-vitro motility assays have shown that the recombinant motor head of MYA1/XI-1, which is the most closely related myosin XI-K paralog, is able to translocate F-actin with a velocity of 3.2 µm/sec (29) . The velocity of ER streaming measured here is up to 3.5 µm/sec (Fig. S2E) , indicating that the myosin translocation velocities assayed in vitro and in vivo are similar.
Association of Myosin XI-K with ER.
To determine if myosin XI-K is physically associated with ER, we generated a transgenic Arabidopsis line that constitutively expressed GFP fused with the C-terminal region of the myosin XI-K (GFP-XIKct) which harbored both a dimerization coiled-coil domain and a globular, cargo-binding, tail domain (30) . Our attempts to use the GFP-XIKct reporter for direct microscopic observation of a potential association with ER were hampered by the strong fluorescence of the cytosolic pool of GFP-XIKct also observed by others (12, 17, 18) .
Because of that, we used subcellular fractionation as the means to separate ER from other cell components and to test for the presence of myosin XI-K in the ER-enriched fractions using antibodies specific to Arabidopsis myosin XI-K (14).
Sucrose density gradient centrifugation of a microsomal fraction was performed in the presence of either MgCl 2 or EDTA to follow the shift in ER migration due to the release of ribosomes under EDTA treatment. It was found that the myosin XI-K peaked in the same gradient fractions as the ER marker BiP in the absence of Mg 2+ ( Fig. 2A) . Furthermore, both myosin XI-K and BiP showed identical Mg 2+ -dependent density shift in the gradients (Fig. 2B ). These results demonstrated that a substantial fraction of the cellular pool of myosin XI-K co-migrates with ER in the density gradients in a Mg 2+ -dependent manner, and therefore is likely associated with ER.
On the other hand, there was no correspondence between the gradient peaks of the Golgi marker RGP1 and myosin XI-K (Fig. 2) ; an unexpected result given that the myosin XI-K inactivation suppresses the movements of Golgi bodies (14, 15) .
Because Golgi bodies are physically attached to the ER tubes (31) as is also obvious from the presence of Golgi marker in the peak ER fractions ( Fig. 2) , it seems possible that most of the myosin XI-K-containing Golgi bodies co-migrate with the ER in gradients. Alternatively, because the overall surface of the ER is overwhelmingly larger than that of Golgi, the immunocytochemical signal from the ER-associated myosin is also much stronger than that from Golgi.
Myosin XI-K Is Involved in Maintaining Spatial Configuration of the ER.
As seen in Fig. 1 , inactivation of the myosin XI-K affected not only the ER movement but also the formation of thick, highly mobile ER strands, suggesting that myosin XI-K is required for the proper spatial configuration of the ER. More detailed analysis of the ER network revealed defects in the development of the transvacuolar cytoplasmic strands formed by the AF bundles in the xik knockout mutants (Fig. 3 A-C ). This result is consistent with the previous reports of the reduced number of transvacuolar strands upon BDM treatment (32, 33) . Additionally, multiple myosin knockout mutants had unevenly distributed thick-sheet-like structures of the ER network ( Fig. 3E ) and large ER aggregates mainly at the cell edges (Fig. 3 F and G and Movie S8, discussed below). These abnormal ER configurations were most evident in the xik mya1 mya2 triple knockout, whereas double knockout mya1 mya2 had no obvious abnormality (Fig. S6D ).
In addition to regular ER network, Arabidopsis cells possess ER-derived spindle-shaped organelles, called ER bodies, which are observed to stream in the cortical region and transvacuolar strands of the epidermal cells of the seedlings (Fig.   S7 A-C) . The ER bodies in xik mya1 mya2 triple knockout exhibited abnormally elongated shapes and distribution often accumulating as concatemers in a perinuclear region ( Fig. 3G; Fig. S7 D-F) . Double knockout mutants xik mya2 and xik mya1 showed a milder phenotype than the triple mutant. Taken together, these results suggest that the ER-associated myosin XI-K is involved in maintaining the proper ER organization and determining the size and distribution of the ER bodies by driving the ER streaming.
Reorganization of the Actin Filament Bundles in Myosin XI-K-Deficient Mutants.
In accord with the known role of the actin cytoskeleton in ER network organization (34), we have observed the abnormal ER configuration in the wild-type cells treated with Lat B to disassemble AFs (Fig. S4 B-D) . To further examine the relationships between the ER network and the actin cytoskeleton in the myosin-deficient plants, we generated transgenic lines that expressed both the ER-localized GFP and the F-actin marker tdTomato-ABD2 based on the improved variant of the red fluorescent protein (35, 36) .
The epidermal cells of cotyledonary petioles in the Columbia-0 (Col-0) background exhibited thick, longitudinally oriented AF bundles, with the ER streaming occurring along these bundles (Fig. 4A) . Strikingly, the AF bundles were randomly oriented in a double myosin knockout xik mya2, whereas the typical ER strands were mostly absent (Fig. 4B) . The double mutant also exhibited abnormal distributions of the ER (the thick-sheet-like structures and large aggregates of the ER) as did the triple mutant xik mya1 mya2 (Fig. 3 E-G) . Collectively, these results suggest that the ER strand formation involves myosin XI-dependent, dynamic bridging of the ER subdomains, such as tubules and amorphous cisternae, to AF. Rapid, directional transport of these subdomains results in their orientation and concentration along the AF bundles, producing motile, brightly fluorescent, ER strands.
We quantitatively analyzed the orientation of the AF-bundles labeled with tdTomato-ABD2 by image processing (Fig. S8A) . Statistical analysis of 20~24 cells
showed that the average angle of the AFs against longitudinal axis of the cell in xik mya2 was larger than that in Col-0 (P < 0.05 by Student's t-test), whereas the parallelness of AFs in xik mya2 was lower than that in Col-0 (P < 0.001 by Student's t-test) (Fig. 4C) . In order to exclude the possibility that the organization of AF bundles was affected by the overexpression of tdTomato-ABD2 reporter, endogenous AFs in the nontransgenic plants were observed by Alexa 546-phalloidin staining (Fig. S9 ).
In the double and triple knockouts xik mya2 and xik-2 mya1-1 mya2-2, the AF bundles again showed random distribution with some bundles oriented perpendicularly to the longitudinal direction of the cell (Fig. S9 G, H, J, and K) . In contrast, this pattern was rarely observed in the Col-0, mya1, mya2, mya1 mya2, xik, and xik mya1 backgrounds (Fig. S9 A-F and I) . Myosin XI-K deficiency had a significant effect on ER motility (Fig. 1 ), but did not noticeably alter actin organization.
Similar phenomena were revealed in the epidermal cells of the etiolated hypocotyls. Col-0 hypocotyls had thick, longitudinally oriented AF bundles, with the ER streaming occurring along these bundles ( Fig. S8 B and D 
Materials and Methods
Plant Materials and Growth Conditions. Arabidopsis thaliana ecotype Col-0 was used as the wild-type plant. We used the following Arabidopsis transgenic lines:
GFP-h (38) , and the plants expressing cytosolic GFP (39) . Seeds of Arabidopsis were surface-sterilized and then sown onto 0.5% Gellan Gum (Wako, Tokyo, Japan) which contained 1% sucrose and Murasige-Skoog's medium. After incubation for 3-5 days at 4˚C to break seed dormancy, the plants were grown at 22˚C under continuous light.
Imaging of ER Streaming.
We used abaxial epidermal cells in 7-day-old cotyledonary petioles for the imaging of ER streaming.
We analyzed two ~1-µm-thick optical planes at ~1.5 µm distance, a peripheral plane The homogenate was filtered through a Cell Strainer (70 µm) by centrifugation at 500
rpm. An aliquot of the filtrate was used as the total fraction. The microsomal fractions were prepared by sequential centrifugations of the total fraction at 2,000 g for 20 min
and 100,000 g for 1 h. The 100,000 g pellets were resuspended in 0.2 mL of the extraction buffer without 1% casein in the presence of 5 mM EDTA or 5 mM MgCl 2 and 5 mM EGTA and layered directly on top of a 16-mL linear sucrose density gradient (15 to 50%, w/w). Centrifugation was performed in an SW28.1 rotor (Beckman) at 25,000 rpm for 20 h at 4˚C, and 700-µL fractions were collected with a piston gradient fractionator (TOWA LABO). Each fraction was concentrated with acetone and subjected to SDS-PAGE and immunoblot analyses, as described previously (43) . Antibodies used were anti-XI-K (diluted 5,000-fold) (14) , anti-BiP (diluted 10,000-fold) (44) , and anti-RGP1 (diluted 10,000-fold) (45) . Fimbrin 1 (ABD2 AtFim1) fused to tdTomato (35, 36) . We introduced stably this construct into GFP-h or myosin XI mutants that expressed ER-localized GFP.
Confocal Laser Scanning
Because homozygous tdTomato-ABD2 caused delay of growth to xik mya2, we used the xik mya2 plants with heterozygous tdTomato-ABD2 in which the growth rates were similar to those in xik mya2. Orientation of AF-bundles was analyzed using our in-house developed plugin package, KbiLineExtract, for ImageJ software (Fig. S8A, see Supplemental Information).
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We thank Drs. S. Mano and M. Nishimura (National Institute for Basic Biology) for donating transgenic Arabidopsis expressing cytosolic GFP, Drs. P. M. Ray and K. S. [1] where I raw is the original stack, I is the preprocessed stack, T is the total number of frames (100), x and y are spatial variables, and t is a temporal variable (frame index). Next, we measured the velocity vector for each pixel using spatial-temporal correlation analysis. To reduce the error vectors, a 3 x 3 median filter was applied as a postprocessing stage. As a result, a velocity map, F, was obtained for each stack. 
where ΔI is relative intensity, Corr average is the temporal ensemble of the spatio-temporal correlation function, ξ and η are spatial lag variables, τ is the temporal lag variable, f is the velocity vector, F is the map of velocity vectors. N consists of 16 x 16 neighbor pixels (-8 < u,v ≤ +8) and N is 256.
The velocity map F contained ER regions and non-ER regions, such as vacuoles and extra-cellular regions. Since the non-ER regions were not necessary for velocity analysis of ER, we generated a mask image M to remove the non-ER regions.
where n is the threshold of the noise component (n = 0.8 for the statistical analysis of ER streaming in Fig. 1M and Table S1 and n = 0.95 for the generation of the velocity distribution maps). To calculate an average velocity and a maximal velocity, we applied the mask image M to the velocity map F using the following equations.
ER streaming was analyzed using our in-house developed plugin package for ImageJ software. Calculation and statistical analysis of velocities were performed by KbiFlow plugin (eq1-4, 6,7). Mask images were generated from 'estimateNoise' mode of KbiStkFilter plugin (eq 5). The KBI plugin package can be downloaded for free from http://hasezawa.ib.k.u-tokyo.ac.jp/zp/Kbi/ImageJKbiPlugins. Scheme of velocity analysis for ER streaming is shown in Fig. S1 .
Quantitative Analysis of Cytosol streaming. Cytosol streaming was analyzed by the KbiFlow plugin essentially as the analysis of ER streaming. Due to low signal-to-noise ratio in this analysis, we increased the threshold of the noise component up to 0.9 and selected the cells having more than 100 successful measurement points.
Image Analysis of Actin Filament Bundles. To evaluate AF-bundles orientations quantitatively, we measured average angles and parallelness of AF-bundles by image processing. We firstly extracted AF-bundles as skeletonized images from confocal images by multi-directional non-maximum suppression (MDNMS) algorithm (Fig. S8A) (4) . As preprocess and postprocess of MDNMS, noise in the image was reduced by gradient inverse weighted smoothing filter (5) and morphological filters. In the skeletonized images, angles of a neighbored pixel pair could be categorized into 0, 45, 90 and 135 against the longitudinal axis of cell, and their pixel numbers were counted, basically according to our previous study (6) . 
